Blood flow through the kidneys has been studied by a number of methods and considerable information is available on this subject, t Since Goldblatt (3) produced experimental arterial hypertension by reducing renal blood flow by means of an adjustable clamp placed on the renal arteries, interest has been aroused in the relation of the renal circulation to arterial pressure. Blood flow through kidneys the arteries of which have been partially constricted, has been measured both before and after hypertension had developed (4, 5) . The present study was the outgrowth of an attempt to observe the behavior of the renal circulation while experimental renal ischemia was being induced by partial arterial constriction, and to test whether elevation of blood pressure can be produced in brief experiments by this method, as has been reported (4, 6) .
Methods
Blood flow was measured by means of a slight modification of the thermostromuhr of Schmidt and Walker (7) , an artery being used in every instance. An apparatus, constructed at small expense from radio parts, was designed to permit simultaneous recording of two thermostromuhrs. Arterial pressure, both systolic and diastolic, was measured by Hamilton's optical manometer (8) ; records were photographed. The thermostromuhr described differs from that of Schmidt and Walker in that the "cold" junction was removed completely from the heated one and buried in adjacent tissues. Such an arrangement records blood flow logarithmically. Since the temperature difference of the two junctions is comparatively great, this apparatus is not open to the criticism made by Barcroft and Loughridge (9) of the Rein and other stromuhrs. There is doubt that this thermostromuhr can be accurately calibrated in cubic centimeters of blood per minute on the same artery as is used to record experiments. We have therefore chosen to record blood flow as a percentage of the initial value observed and to consider significant only rough directional changes.
Twenty-seven adult dogs were used in various experiments. Under nembutal (pentobarbital sodium) anesthesia administered intravenously, the renal artery was exposed through an incision in the flank, care being taken whenever possible to avoid l Brief summaries on this subject are to be found in recent publications by Smith (1, 2) . 7O7
opening the peritoneum. When mesenteric or splenic arteries were used, a midline abdominal incision was employed. The thermostromuhr element was placed about the artery and fixed in such a position that no interference with the lumen of the vessel resulted. An adjustable clamp was placed as far distal to the element as possible (Text- fig. 1 ). This clamp was of such a form that it could be tightened or loosened outside the animal. The skin was closed with clips. In every instance one stromuhr was placed upon a renal artery. Time was allowed for the animal to recover from the immediate effects of the operation and for blood flow and blood pressure to become stable (30 to 60 minutes). If subsequent doses of anesthetic were given, time was again allowed before introducing further changes. All drugs were administered by the intravenous route. An experiment usually lasted 6 to 8 hours.
I. The Constancy of Renal Blood Flow
It has been shown by a number of investigators that renal blood flow is remarkably constant in the face of changing arterial pressure, tending to remain unchanged during hemorrhage (10), carotid sinus stimulation and depression, the administration of fluids, carbon dioxide, adrenalin, and various other pressor and depressor drugs (11) (12) (13) (14) (15) (16) (17) . This phenomenon persists after denervation (16, 17) . Although changes in the hemodynamics of the nephron of such a nature as to alter the excretory functions of the kidney may occur with changes in arterial pressure, at least in the anesthetized dog total blood flow measurements in the renal artery appear to vary but little, unless severe shock occurs.
When dogs were killed at the end of an experiment by bleeding, by intravenous administration of ether or air, or by asphyxia, renal blood flow was found to remain at a comparatively high level until just before death, long after blood flow through the femoral, superior mesenteric, carotid, or splenic arteries had fallen to a point close to zero. In some instances renal blood flow remained measurable when shock was so great from hemorrhage that the blood pressure could barely be recorded (Fig. 1 B) . In no instance was renal blood flow observed to fall before that through other arteries. These observations confirm those of other investigators and afford evidence for "the autonomous control of the renal vascular bed" (18) . They also suggest that the kidneys take little part in the general vasoconstriction induced by shock.
The autonomy of the renal circulation and the constancy of total renal blood flow is further substantiated in experiments in which the blood pressure is raised. Tyramine, renin, pitressin, and the intravenous administration of saline solutions produced little change in renal blood flow in spite of marked elevation of blood pressure (19) . Conversely it was found in normal kidneys that cardiac irregularities, such as coupled rhythm or extrasystoles, resulted in no changes in renal blood flow, although their effect upon blood flow through other organs was often obvious. It was only when a renal artery was partially constricted that extra-renal circulatory changes could be observed in the records of blood flow. In one experiment in which blood pressure was raised by the method of Freeman and Jeffers (20) by increasing intracisternal pressure by injection of saline very little change in renal blood flow was observed (Fig. 1 A) .
II. The Vasodilator Reflex
Further evidence for the assumption that renal blood flow tends to remain at a fairly constant level is offered by the behavior of the renal circulation during partial constriction of the renal artery. When a clamp placed on the artery was tightened, renal blood flow was momentarily decreased, but slowly returned towards normal during the succeeding 15 to 30 minutes (21) . The height of this return was determined largely by the degree of clamping; if a slight or moderate decrease in flow occurred a return to the original level was observed. Subsequent further tightenings of the clamp resulted in further reductions in flow, always, however, followed by a tendency for the return to take place (Fig. 2) . Constriction was finally produced to a point where subsequent increase failed to occur and renal blood flow remained constant. This reflex increase in blood flow after partial renal ischemia was usually accompanied by no change in systemic arterial pressure, although in six of twenty instances a slight elevation took place. Even when blood pressure rose, the rise was of too small magnitude to have accounted for the marked increase in renal blood flow observed. When the clamp was subsequently removed, blood flow returned to its original level in most instances; on two occasions it was seen to be slightly higher. This phenomenon was not observed to occur as a result of partial constriction of the femoral, carotid, or mesenteric arteries.
III. Altered Reactions of the Ischemic Kidney
Certain differences in the behavior of the renal circulation were noticed when the artery was constricted to the "critical" point; that is, to a degree at which readjustment no longer took place. Under these conditions the flow was readily influenced by extra-renal vascular changes. Variations in blood pressure with respiration or with irregularities in cardiac rhythm were now accompanied by simultaneous changes in renal blood flow. When anesthesia became less and the animal was recovering from its effects, renal blood flow was often seen to fall to a very low level.
The most interesting change was an altered reaction to adrenalin. Adrenalin affects renal blood flow by vasoconstriction, although in the dog the threshold for this substance appears to be higher in the kidney than elsewhere (12, 16) . According to Richards and Plant (22) , the action of this hormone is on the efferent arterioles. Small doses of adrenalin may change internal renal circulation (measured by clearances of inulin and diodrast) in man (23) , but only a transient change or none at all can be noticed in measurements of flow through the renal artery of the anesthetized dog in spite of changes in blood pressure. Larger doses in the dog were seen to produce a transient reduction in flow which did not last as long as the elevation of arterial pressure. No effect could be noticed on renal blood flow, however, as the result of giving doses so small as to be imperceptible in the record of blood pressure.
When the renal artery was partially constricted, a marked change occurred in the reaction of the renal circulation to this substance. This change was seen in eleven experiments. Progressive increases in the sensitivity of the renal blood flow to adrenalin occurred as the constriction was made greater. When the "critical" level of flow was reached (at which the internal vasodilator reflex was no longer active) the vessels of the kidney were markedly sensitive to minute amounts of adrenalin. Doses of the magnitude of 0.05 gamma per kilo resulted in pronounced vasoconstriction sometimes for as long as 15 minutes (Fig. 4) . Larger doses seemed to occasion a short period during which the flow was increased, followed by such a marked fall that nearly complete cessation of flow occurred for a long period of time (Fig. 5) . In two instances renal blood flow remained at this low point for an hour; it became necessary to open the clamp before a return could be noticed. It must be emphasized that the slight fall in the systemic blood pressure occasionally seen following the injection of this substance did not account for this phenomenon, as with larger doses of adrenalin the blood pressure was often considerably elevated while blood flow fell, and with small doses the effect on arterial pressure was minimal or not measurable. In one instance after stripping the renal artery of nerves, this effect was still observed.
In two experiments single injections of renin resulted in increase in flow through the ischemic kidney, accompanied by a smaller increase through the normal one (Fig. 3) . Tyramine and pitressin administered intravenously were seen to result in similar changes, those produced by the former being of greater magnitude. The action of renin (and tyramine) upon blood flow in the ischemic kidney appeared to be dependent on changes in the level of blood pressure.
IV. The Effect of Constriction of the Renal Artery on Blood Pressure
We have been unable to produce significant elevation of blood pressure during twenty brief experiments by partial constriction of the renal artery although in some instances a slight elevation (10 to 15 ram. Hg in the diastolic pressure) has been noticed. Persistent elevation of arterial pressure did occur, however, after partial constriction of the renal artery when in addition adrenalin had been administered. This effect was noticed on seven occasions in eleven experiments. It was seen that diastolic pressure did not return to the previous level after an injection of this substance when the kidney was ischemic, although a similar injection in the absence of ischemia was followed by a prompt fall to the control level (Figs. 4 and 5 C). Although a significant rise (20 mm. Hg in the diastolic pressure) was noticed in only seven experiments, in three others a slight elevation also occurred (Table I) . No attempt was made to ascertain the size of the dose necessary to produce this effect, the larger ones usually having been given (2.5 to 5.0 gamma per kilo). Sufficient time was allowed for the animal to recover from the immediate effects of the injection, and for the blood pressure to return to a constant level before comparative measurements were made. In these cases renal blood flow was reduced by the clamp and further reduced by adrenalin. * Readings were made at least one hour after clamping or injection of adrenalin. :~ In these animals the opposite kidney had been removed.
DISCUSSION
The concept of the autonomous control of renal blood flow has been well stated by Smith (18) . Numerous investigators have contributed to the idea that total blood flow is fairly constant and remains so independently of the arterial pressure. If this is true, it is not surprising that partial constriction of the renal artery is followed by return of flow toward normal. As this readjustment usually occurs with little change in arterial pressure, internal renal vasodilatation must account for the phenomena observed, the resistance in the kidney being reduced while that at the site of the clamp is increased. A suggestion has been made that these observations could be explained by mechanical stretching of the arterial wall from the pressure of the clamp, but the changes are of great magnitude, can be re-produced many times in the same preparation, and occur irrespective of the initial degree of damping; it would seem difficult, therefore, to account for the phenomenon by such a process.
If partial constriction of the renal artery results in renal vasodilatation, and if the arterioles of the kidney are in a maximal state of dilatation after marked constriction of the artery, again it is not surprising that a substance known to produce renal vasoconstriction (adrenalin) should be more active when the kidney is in this state than when it is in the normal one. The minute doses necessary to produce this effect (less than 0.05 gamma per kilo in dogs) however, and the pronounced degree of vasoconstriction to the point of almost complete renal anemia which results from larger doses suggest that the vessels of the kidney are altered in some way in their reactivity to this substance. This alteration in response may be merely a mechanical one, vasoconstriction resulting in anemia which allows little or no blood to flow through the vessels to remo-ce the constricting substance, or it may result from a change in the sensitivity of the arterioles. At all events it appears that partial constriction of the renal artery renders the intra-renal vessels extremely susceptible to the vasoconstricting action of adrenalin, the normal kidney being relatively insensitive.
It is interesting that a significant and persistent elevation of the diastolic pressure followed renal ischemia and the administration of adrenalin in seven of eleven dogs and that in three others a slight rise was noticed. As the substance produces prolonged renal vasoconstriction when the kidney is ischemic, it is possible that some part may be played by adrenalin in the Goldblatt type of hypertension. Renal blood flow may be reduced both by the mechanical constriction of the clamp and by intermittent internal renal vasoconstriction due either to small amounts of circulating adrenalin or to the action of sympathetic nerves. The difficulty of applying the results of brief experiments to those of chronic ones is, however, apparent.
Our inability to produce significant elevation of blood pressure during brief experiments by constriction alone may be due to the anesthetic used, to variations in the animals, or to errors in technique. When changes in blood pressure were noticed they were of minimal degree. Although these variations were of a magnitude less than that reported by Enger, Linder, and Sarre (4), it remains probable that a slight degree of hypertension may result in some animals from acute renal ischemia, although the occurrence is inconstant. That a significant degree may result from this procedure when adrenalin is also administered seems clear from these studies.
SUMMARY AND CONCLUSIONS
i. Studies have been made of the behavior of renal blood flow after partial constriction of the renal artery in twenty-four dogs.
2. When reduction in renal blood flow is produced by partial constriction of the renal artery, a readjustment of flow in the direction of normal occurs within a few minutes, subsequent constriction being again followed by a return of flow toward normal until the artery is markedly constricted.
3. Renal blood flow after marked constriction of the artery becomes extremely susceptible to the vasoconstrictive action of small doses of adrenalin, and flow may cease with larger doses for a considerable period of time.
4. Arterial hypertension of significant degree may follow partial constriction of one renal artery during brief experiments when adrenalin in addition has been administered.
5. Further evidence is presented in favor of the concept that the renal circulation enjoys a control independent of systemic arterial pressure. B. Dog 4-3. The effects of hemorrhage on the flow of blood through the renal and superior mesenteric arteries are shown. At each arrow 100 cc. of blood were removed from the femoral artery. Note the relative stability of the renal blood flow as contrasted with that through the mesenteric artery. Renal flow was maintained fairly well even when the blood pressure was imperceptible (at the end of the record).
FIo. 2. A. Dog 8. Blood pressure 122/86. The upper curve indicates blood flow through the left renal artery, the lower the systolic and diastolic blood pressures. At "clamp" the renal artery was constricted so that the flow was approximately one-half normal. During the next 32 minutes the flow slowly and spontaneously returned to normal. At "clamp" the artery was further constricted and the blood flow fell but very soon rose again toward normal. Blood pressure 122/88. B. Continuation of the same experiment. The renal blood flow, rising almost to normal levels, was (at 67 minutes) again reduced; it recovered slightly. At "clamp" it was further reduced, and did not return. Note variations of flow occurring simultaneously with respiratory changes in the blood pressure. Blood pressure 120/88. At "clamp released" the clamp was unscrewed, resulting in a rapid return of the renal blood flow to the initial level. There were no significant changes in blood pressure.
C. Dog 2-2. Blood pressure 175/120. At "clamp" the left renal artery was constricted so that the renal blood flow was reduced to 25 per cent of initial values. Note the slow return toward normal levels. There was slight elevation of blood pressure during the subsequent 34 minutes, to 180/132. D. Dog 1-7. Blood pressure 150/110. At "clamp" the artery was slowly constricted. There was a tendency for the renal blood flow to readjust rapidly. The clamp was released after 7 minutes, following which the flow returned to normal. Blood pressure 160/112. Blood pressure 165/104. 50 -y adrenalin was administered intravenously. At each "clamp" the renal artery was constricted, the renal blood flow returning toward normal after each constriction save the last (at 140 minutes). Blood flow remained at a low level for 27 minutes. Therefore (at 157 minutes) an adjustment was made in the recording device so that variations at this level could be photographed. B. Blood pressure 170/112. 50 -~ adrenalin was again administered intravenously. Renal blood flow at first rose but then (at 169 minutes) fell to a continuously low level. The recording was again readjusted to facilitate photography. At "clamp" the clamp was tightened completely ; renal blood flow did not change, demonstrating that in this case it had been at the zero level for 13 minutes.
C. Dog 1-4. Blood pressure 140/75. The effect of the intravenous injection of 50 ~, of adrenalin is shown before and after partial constriction of the renal artery. Note that the renal blood flow was at the same level in both instances due to the action of the vasodilator reflex, but that the reaction to adrenalin was markedly altered. Blood pressure 160/104.
